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Il 'NTRODUCTION

Artificial turf (also referred to as synthetic turf) is a surfacing
material engineered to mimic the appearance and sports
performance (eg., shock absorption, energy restitution, vertical
deformation, slide and slip resistance, and wear resistance) of
natural grass on athletic fields, golf courses, and lawns. The first
generation artificial turf made of short-pile plastic fibers was
introduced in the 1960s. The improved second generation
products featuring sand infill between the fibers made artificial
turf widely popular in the early 1980s. The third generation
artificial turf introduced in the late 1990s is infilled with crumb
rubber or a mixture of sand and crumb rubber to keep the
plastic fibers upright and provide shock absorption similar to
that of natural grass. The new generation of products have been
accepted as providing improved safety, playability, appearance,
durability, with lower annual operating costs and maintenance
requirements, and have moved rapldly beyond athletic fields to
residential lawns and Iandscaplng Artificial turf is now widely
considered as an ideal replacement for grass playing surface in
cases where natural grass cannot grow, or where maintenance
of natural grass is expensive or undesired. The advantages and
limitations of artificial turf compared with natural gress are
summarized in Table 1.

The third generation artificial turf system is typically
composed of three primary layers (Figure 1a): (a) artificial
grass fibers (polyethylene, nylon, or a blend of polyethylene
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and nylon); (b) infill (rubber made from one or more sources,
or a mixture of sand and rubber); and (c) carpet backing (a
blend of polypropylene, polyamide 6, polyolefins, and/or
polyurethane). The rubber infill is produced predominantly by
mechanical disintegration of scrap tires, and recycled athletic
shoes in rare cases. Rubber manufactured specifically for infill
purposes is also available, although crumb rubber produced
from scrap tires is much cheaper compared to virgin rubber
($0.04-0.30 vs $1.00 or more per pound, price in early
2000s).2 Significant amount of scrap tires can be recycled by
artificial turf products: tire rubber crumb is applied at up to 6
lbs/ft? in most artificial turf fields (some “heavyweight” infill
systems even contain 9.2 Ibs/ft?),® while 1-2 Ibs/ft? of tire
rubber crumb is often used in lawns. Sand is also used as an
infill material in some artificial turf products to improve the
hardness, and those with rubber/sand infill generally cost less
and perform most like natural grass. Unlike grass lawns that can
often become waterlogged during the rainy season, artificial turf
fields are constructed with a built-in drainage system (Figure
1b) that allows water to drain quickly after the rain.
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Figure 1. Schematic illustrations of the makeup of a typical artificial turf field: (a) the major components of artificial turf, and (b) the built-in

drainage system.

Manufecturers typically emphasize that artificial turf is
environmentally friendly with the use of recycled tire rubber.
Because of their large production volume and durability, the
disposal of scrap tires is a major challenge for waste
management, and a truly environmentally friendly disposal
method remains to be found (Supporting Information, SI).
Artificial turf can reuse large amounts of scrap tires: an average
soccer pitch/field of artificial turf contains approximately 100
tonnes of tire rubber crumb. It hes been estimated that 26.2%
of the scrap tires generated in the US. were recycled into tire
rubber crumb, with about 0.18 million tonnes used in sports
surfacing in 2009

Today artificial turf is being widely promoted as a cost-
efficient, environmentally- and user-friendly product that can
replace natural grass on sports fields and residential lawns. The
markets for artificial turf in the U.S. and Europe are both over
one billion dollars, and continue to grow, while manufacturers
of artificial turf have also begun to pay more attention to the
emerging markets, such as China. Depending on the region in
the US, a fullsize artificial turf sports field can result in an
annual savings of 05 to 1 million gallons of water.®®
Recognizing the significant water conservation potential,
many cities and water conservation institutions in the dry
regions of the U.S. have begun to offer financial incentives for
the replacement of residential lawns with artificial turf. It hes
been claimed that the use of artificial turf conserved about 5
billion gallons of water in the US. in 2011.°

In spite of the obvious environmental benefits, such as saving
water, requiring no fertilizer or pesticide, and reusing rubber
from scrap tires, artificial turf can pose potential risk to human
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health and the environment, primarily from the contaminants
relessed by the tire rubber crumb infill. These emissions and
their potential impacts have not received much attention until
recently.” '® The key question that needs to be answered is
whether artificial turf is a truly “green” alternative to natural
grass. This review summarizes the benefits of artificial turf,
asesses its major environmental and health impects, and
identifies research that is needed to ascertain and mitigate the
environmental impacts of artificial turf. Available data were
compiled from published journal articles, conference proceed-
ings, books, and gray literature. The latter includes technical
reports published by governmental agencies, academic
institutions, trade publications, and information gathered
from Web sites of manufacturers and other groups, which are
typically not subjected to peer-review and might thus contain
data that were collected to represent biased viewpoints.
Although some cited reports came directly or indirectly from
industries with a financial interest in promoting artificial turf,
data were crosschecked with other sources to ensure the
validity of the conclusions as much as possible.
SSING T

ASE
i

The use of recycled tire rubber significantly reduces the cost of
artificial turf, although this practice is afflicted with potential
downsides, as tire rubber contains a range of chemical
vulcanizers, oil-based plasticizers, antioxidants, antiozonants,
and fillers in the blend of natural and synthetic rubber,''~™
which are summarized in the Sl. Despite the common
assumption that tire rubber is extremely resistant to environ-

NVIRONMENTAL IMPACTS OF
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mental breakdown, organic compounds and heavy metals in the
rubber matrix can be slowly released through volatilization and/
or leaching under natural conditions. Shredded tires in various
conditions from tire chips to finely ground rubber crumb have
been used in a range of civil engineering applications, such as
lightweight fill for embankments and retaining walls, insulation
blocks, drainage aggregates, surface materials for plaggrounds
and racetracks, soil amendments, and surface mulches.™ A large
number of studies have characterized the environmental
impacts associated with such direct reuse of scrap tire materials,
which provide important insights on the potential environ-
mental impacts associated with artificial turf.

Volatilization of Organic Contaminants. The odor of
tires is characteristic of amines and sulfur-containing organic
compounds (with very low odor thresholds) that are used in
the compounding of tire rubber.'"'® Despite the unplessant
smell, car and truck tires do not relesse significant amounts of
volatile organic compounds (VOCs) or semivolatile organic
compounds (SVOCs) under ambient conditions and are not
commonly considered as a source of air pollution. In contrast,
hundreds of VOCs and SVOCs have been identified in the off
gases of rubber vulcanization and pyrolysis.">'"® The levels of
total VOCs in the air of two tire shredding fecilities located in
central Taiwan ranged from 14 to 22 ppm, which were not
significantly different from the local background level (—1.4
ppm)."® Chemical analysis indicated the presence of various
groups of air pollutants, such as aliphatics (eg., octane, decane,
and undecane), aromatics (eg., benzene, toluene, ethylbenzene,
and xylenes), polycyclic aromatic hydrocarbons gPAHs),
methyl isobutyl ketone, styrene, and benzothiazole.”” These
contaminants probably resulted from the decomposition of
rubber polymers, vulcanization accelerators, and plasticizers
during tire shredding and grinding. It has been reported that
benzothiazole was the most abundant volatile compound in the
vapor phase over tire rubber crumb, and that the concentrations
of VOCs leveled off significantly within 2 weeks under natural
weatfgering conditions and became relatively constant there-
after.

Leaching of Heavy Metals and Organic Contaminants.
Whole tires and laminated tires have long been used as dock
bumpers and fenders against heavy rubbing and pushing forces
of vessels with few concerns raised about their impact on water
quality. However, the much smaller tire chips and rubber crumb
may relesse heavy metals and organic contaminants more
readily, and thus present a risk to aquatic environment. Results
of toxicity characterization leaching procedure (TCLP) analyses
(Sl Teble S1) showed that the regulated metals (As, Ag, Ba, Cd,
Cr, Hg, Pp, and Se) and organic contaminants were typically
below their respective regulatorg/ limits in the leachate of tire
rubber in various shapes® % A wide range of organic
contaminants (Sl Table S2) have been detected at very low
concentrations in the leachate of tire shreds and chips, which
resulted from the breakdown of natural and synthetic rubber
polymers, compounds associated with the carbon black, and
various additives such as plasticizers and acoslerators, 31924 ~%0
Tire rubber leachate typically also contained elevated levels of
Zn, while other heavy metals, such as Cd, Cr, Cu, Fe, Mg, and
Mn were often present at relatively low concentra-
tions.” ° These metals originated primarily from
the metal oxides and residual steel belt wires of the tire shreds
and chips (Sl Tables S3 and $4). Laboratory studies found that
acidic and alkaline conditions favored the leaching of metals
and organic compounds from tire rubber crumb, respectively,
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and the leaching rates incressed with decressing particle
size?¥" A number of field studies have been conducted to
investigate the impact of tire shreds and chips used in civil
engineering applications on the quality of surface water and
groundwater through sampling of existing sites and field trials
with follow-up monitoring of up to 2 years2!?727313637 |
general, Fe, Mn, Zn, and Al appeared to be the mgjor
contaminants of concern even though their concentrations did
not exceed the respective maximum contaminant levels
(MCLs) for drinking water in most cases, while the organic
contaminants (eg., amines, aniline, quinoline, amides, and
benzothiazole) occurred only at trace levels. These results
suggest that scrap tire materials may affect surface water and/or
groundwater, and warrant further field study with controls.

The ecotoxicity of tire rubber leachate has long been
recognized, although determination of the specific hazardous
substances responsible for the toxic effects was difficult. Lethal
and sublethal effects on aquatic biota as well as genotoxicity
have been documented for tire leachate and solvent extracts of
tire rubber. 271519252638 ~43 | eaphate from used tires was also
found to be more toxic than that from the new ones,'* which
could be explained by the essier release of hazardous substances
from the matrix of worn rubber. In general, the mgjor toxic
constituent in tire leachate is zinc, with minor contributions
from organic compounds. Even though leachate from tire chips
and tire rubber crumb can be toxic to some aquatic life, dilution
(ie, by infiltrating rainwater and groundwater) in natural
systems is expected to reduce its toxicity and lower the
associated ecological risk.

Contaminants Contributed by the Nonrubber Com-
ponents of Artificial Turf. Besides tire rubber crumb, plastic
fibers of artificial turf are also a potential source of heavy metals,
particularly lead. Some menufacturers produced plastic fibers
with encapsulated lead chromate pigment in the early years of
artificial turf product development. Excessive levels (several
mg/g) of lead had been found in some artificial turf fibers made
of nylon or polyethylene/nylon blends, while fibers made of
polyethylene commonly contained very low or undetectable
levels of lead.'%*#° Even though the leaded pigment perticies
are not expected to leach from intact nylon fibers, deterioration
of these fibers over time can result in the formation of lead-
containing dust. In addition, artificial turf fields with exotic
colors could also contain elevated levels of lead, probably due
to the use of specialty pigments®® A scopinglevel field
monitoring study found that the lead contents in the fibers of
six artificial turf fields ranged from 0.002 to 0.39 mg/g, which
were below the stendard set by the US. Environmental
Protection Agency (USEPA) for lead in soils (040 mg/g).*®
Only fibers from the repaired area of one field had a high level
of lead (0.70 mg/g), while the lead contents of tire rubber
crumb in these fields only ranged from 0.01 to 0.05 mg/g.*®

A comprehensive laboratory investigation found that the
fibers from two artificial turf manufacturers had relatively high
levels of Al (1.2-2.1 mg/g) and Fe (2.7-4.0 mg/g), while the
contents of Cr, Cu, Mg, Mn, Ni, Sn, and Ti were in the range of
0.01-1 mgéé; and those of Ba, Co, Mo, Pb, and Sr were below
0.01 mg/g.> The fibers from a third manufacturer contained
even higher levels of Fe (14.3 mg/g) and Zn (7.6 mg/g), and
relatively high levels of Ti, Sn, Cu, Co, and Ni (0.1-1mg/g) as
well. ® The relatively high levels of heavy metals probably came
from the coloring pigments and UV inhibitors (for photo-
resistance) in the polymers. The heavy metal contents of the
carpet backing materials from these artificial turf products were

dx.doi.org/10.1021/es4044193 | Environ. Sci. Technol. 2014, 48, 2114-2129
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Figure 2. Life cycle environmental impects of three representative artificial turf fields and an equivalent grass field (75000 ft2) that supports 600 h of
activity per year, using a grass field of the same size but with an annual availability of 300 h as the besis of comparison (data from ref 62). One
artificial turf had nylon fibers without infill, while the others had tire rubber crumb infill but with fibers made of polyethylene and 70% polyethylene/
30% nylon, respectively. Although artificial turf fields could support up to 3000 h of activity per year, they were assumed to have annual availability of
600 h in this comparison. For natural grass fields, 300 h event activity per year is the typical annual playing capacity, while 600 h activity/year is the

upper limit.

generally comparable to or less than those in the fibers.®® Lead
contents in the fibers and carpet backing materials were quite
low (close or below 0.001 mg/g), indicating it was not a
common additive used in the production of current generation
of artificial turf. The fibers and carpet backing of artificial turf
are made from the same polymers used in the manufacturing of
a wide range of consumer products, and are not expected to
have significant adverse environmental impacts. Nonetheless,
the use of encapsulated lead chromate in some old fields and
specialty colorants in fields with exotic colors makes it
necessary to assess the fibers of artificial turf fields on a case-
by-case besis.

Observations from Artificial Turf Fields. The tire chips
or rubber crumb used in various civil engineering applications
can be buried in soils, above or below the groundwater table, or
stay at the surface. In contrast, the tire rubber crumb is applied
a5 a relatively thin layer on the surface of artificial turf fields,
and the sizes are typically much finer than the scrap tire
materials used in civil engineering applications. Therefore, field
observations are essential for understanding the actual relesse
of hazardous substances from artificial turf and the potential
impects on the environment and human hesalth.

The impact of artificial turf on the air quality of sports fields
has been closely monitored in a number of studies. In general,
the levels of VOCs, SVOCs, PAHs, heavwy metals, and
particulates (PM,5 and PM,,) in the air above outdoor artificial
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turf fields were found to be comparable to those of local
background, and were within the regulatory limits, ¢~
although the results might only be applicable to the specific
fields and conditions measured. One study found that the levels
of PM,, and metals at the high play activity sites of artificial turf
fields, although elevated compared to the background
concentrations, were below the corresponding air quality
standards.*® The VOCs and SVOCs in the air above outdoor
artificial turf fields resulted from volatilization from the fields
and local traffic emissions, both of which were subject to air
dispersion and dilution. In contrast, the concentrations of
VOCs and PAHs measured in indoor sports halls with artificial
turf were slightly elevated,?~* while the levels of particulates
were similar to those in other urban indoor settings %%

With the porous structure of artificial turf, precipitation can
essily percolate through the infill layer and potentially leach
heavy metals and organic contaminants out of the tire rubber
crumb. Several studies have characterized the contaminants in
the drainage of artificial turf fields (Table 2). Owerall, the
concentrations of heavy metals and organic contaminants in the
drainage were low with the exception of Zn, which occurred at
concentrations up to near 05 mg/L. Many studies have
demonstrated the removal of various heavy metals (such as Cu,
Cd, Pb, and Hg) and organic contaminants (eg., xylenes,
toluene, naphthalene, and trichloroethylene) from weastewaters
by tire rubber crumb,®~%° while some of them also observed
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that zinc concentrations became elevated despite the removal of
other heavy metal ions®*® Relative to rainwater, the tire
rubber crumb in artificial turf is expected to function as a net
source of heavy metals and organic contaminants instead of a
sink.

Ecotoxicity can be expected for the drainage from artificial
turf fields with elevated levels of Zn, which adversely affects the
growth, survival, and reproduction of aquatic plants, proto-
zoans, sponges, molluscs, crustaceans, echinoderrs, fish, and
amphibians at concentrations as low as 10-25 pg/L® The
drainage from four pilot setups (with tire rubber crumb and
specialty synthetic rubber infills) with controlled atmosphere
and supervised human intervention treated with simulated rain
showed very slight toxicity to Daphnia magna and Pseudo-
kirchreriella subcapitata, while the drainage from an artificial turf
football pitch (with tire rubber crumb infill) showed essentially
no toxicity.> One field sample did show a low impact on the
aquatic species, but chemical analysis results suggested that it
was probebly due to pollution external to the field.>? Another
study also found that the drainage from an artificial turf field
with tire rubber crumb infill exhibited no toxicity to Daphnia
pulex.

Although air and water quality monitoring had been
conducted on artificial turf fields of various ages (from newly
constructed to 6 years old or more), the numbers of fields
sampled and samples collected at each site were rather limited.
Thus the results may not necessarily represent the potentially
large variations in the design, manufacturing material, geo-
graphical location, use pattem, age, and other conditions of
artificial turf fields, which can affect the release of contaminants.
In addition, these field investigations were often constrained by
available resources (eg., personnel, equipment, and budget)
and accessibility of field sites. Even though the existing field
studies indicate artificial turf fields have limited impacts on air
quality and aquatic environment, more comprehensive field
monitoring data are needed to verify these findings.

Results from Preliminary Life Cycle Assessment (LCA)
Studies. Both artificial turf and natural grass can have a range
of environmental impacts, including consumption of raw
materials and energy, and emissions to air, water, and land.
Therefore, determination of which type of product hes a lower
overall environmental burden is not straightforward. To this
end, LCA provides an efficient tool for systematically
comparing the environmental impeacts of artificial turf and
natural grass through all stages of their life cycles (ie., from
“cradle to grave”).

Constructed mostly from synthetic materials, artificial turf
fields have a much larger carbon footprint compared to grass
fields. It has been estimated that the total greenhouse ges
(GHG) emissions from manufacturing, transporting, installing,
maintaining, and disposing of a 9000 ¥ artificial turf field in
Toronto, Canada over a 10 year period is 556 tonnes CO,,,
while that from construction and maintenance of a grass field of
the same size is —16.9 tonnes CO4.%" Through absorbing large
quantity of CO, during growth, natural grass serves as a carbon
sink. On the other hand, the GHG emissions from the artificial
turf field would be nearly doubled if the components were not
recycled at the end of life®! It is worth pointing out that these
results are site specific (Sl) and the differences in playable time
of the two types of fields are not accounted for in the
comparison.

Figure 2 compares the life cycle environmental impacts of
three representative artificial turf products with those of natural
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grass on a multipurpose recreational sports field (75000 ft?)
ower a 20-year time frame. Field availability, durability of the
artificial turf fields, and maintenance requirement of the grass
fields were based on the average data in the US® The results
indicate that artificial turf performed better or comparsble to
natural grass in the major environmental categories, including
energy and resource consumption, emissions (air, water, and
solid weste), toxicity potential, and land uses over the
production, use, and disposal phases. Although the ozone
depletion potential of the artificial turf fields, which stemmed
predominantly from production and transportation, was much
higher than that of grass fields, its contribution to the overall
environmental impacts was less than 1% over their life cycles ®?

The actual environmental impacts of natural grass and
artificial turf fields are strongly dependent on their availability.
For the grass field, its environmental impacts could almost ali
(excluding the ozone depletion potential) be reduced by a half
with the doubling of field availability (Figure 2). Artificial turf
fields have much higher playability compared to grass turf fields
because of the lower maintenance requirement, superior
durability, and availability in all weather conditions®! To
have the same hours of use (eg., 2400 h), additional grass fields
(which are still not playable during the rainy season) have to be
built to match the availability of an artificial turf field, which
would involve significant environmental impacts from the
construction and maintenance activities® Therefore, the
environmental impects of artificial turf fields relative to grass
fields can be significantly reduced when they are used toward
the maximum availability (i.e, by substituting multiple grass
fields).

It should be noted that the results of LCA are model-based
representations of the real environmental impacts for the
specific turf fields, and are only valid under the specific
assumptions made on their production, installation, use,
maintenance, and disposal (SI). The environmental and health
impacts of a product can be significantly influenced by the
material and energy inputs and outputs considered for each
stage of its life cycle, s well as limitations in data and
knowledge of specific environmental impacts®® The LCA
studies conducted to date have limited scopes and are far from
comprehensive or representative of all types of artificial turf and
natural grass fields in all geographical conditions. Cooperation
and participation of the artificial turf industry by sharing
relevant data, and monitoring data on the emissions of organic
contaminants and heavy metals 1o air, water, and land during
the functional lifetimes of artificial turf fields, which were not
included in previous studies, will be crucial in more accurately
tracking their life cycle environmental impects in the future.

Ml HUMAN HEALTH IMPACT OF ARTIFICIAL TURF
FIELDS

Because tire rubber crumb contains a wide range of toxic and
even carcinogenic chemicals that can be relessed into the
surrounding environment, the potential health risk for field
users has been a mgjor concern. Players can be exposed to the
rubber particles and their hazardous constituents through
several routes, including ingestion, dermal uptake, and
inhalation, as illustrated in Figure 3. Many risk assessment
studies have been conducted to characterize the health risk of
tire rubber crumb in artificial turf fields via these exposure
routes, with the results consistently showing that no significant
health risk was associated with being on or playing on such
fields.
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Figure 3. Major exposure pathways for athletes and occasional users to
the hezardous substances in artificial turf fields. Tire rubber crumb can
be intentionally or incidentally ingested by the field users, particularly
children. SVOCs and VOCs volatilized from the tire rubber crumb and
the fine particulates resuspended from the field can be inhaled. The
organic contaminants and heavy metals on the exterior surfaces of the
fiber blades and rubber infill, as well as the fine rubber granules, can
stick to the skin and clothes upon contact. As a result, the users can
also be exposed to these substances through dermal uptake and
incidental ingestion (eg, via hand-to-mouth activity).

Although intentional or incidental oral ingestion of tire
rubber crumb on artificial turf fields is not a major exposure
pathway for typical users, this may happen for young children.
The potential risk of direct ingestion had been assessed in many
studies, and no significant acute, cancer, or chronic adverse
health effects were found at exposure levels ranging from acute
to chronic scenarios.**%4%° % Oral exposure can also occur
through hand-to-mouth activity following contact with artificial
turf surfaces, and such risk is typically associated with high
degree of varigbility and uncertainty as the exposure is
influenced by many factors, including the frequencies of field
use, hand-to-playground contact, and hand-to-mouth activity, as
well as the transfer efficiencies of chemicals from hand to
mouth.® Nonetheless, there is no indication thet the exposure

to hazardous substances (PAHs and Pb) in tire rubber crumb
via hand-to-mouth contact could cause adverse health
efects %™ Overall, studies evaluating end points in both
children and adults consistently found that the tire rubber
crumb in playgrounds and artificial turf fields poses low risk to
hurman health through oral exposure.

Players can be exposed to the chemicals leached from the
components of artificial turf and the tire rubber crumb through
skin absorption. However, with the natural protection offered
by human skin and the typically short contacting time with tire
rubber crumb, dermal uptake of chemicals is unlikely to cause
systemic toxicity.> In fact, risk assessment studies have shown
that the doses of toxic chemicals exposed through dermal
absorption were too low o cause any adverse health efiects,
including allergic response or indicated sensitization, for
children and adults playing on artificial turf fields>*%%%"
Biological monitoring also revealed that the level of a biomarker
(1-hydroxypyrene) for PAH exposure in the urines of adult
football players did not increase after intensive skin contact
with rubber crumb on artificial turf fields, suggesting the uptake
of PAHSs via dermal pathway (and other exposure pathways &5
well) was negligible.®"

Inhalation of VOCs, SVOCs, and particulates/dusts released
from the tire rubber crumb of artificial turf fields is another
important exposure pathway, particularly given the accelerated
inhalation rates of the players*® Field monitoring showed that
the levels of PAHs and VOCs detected in the air above outdoor
artificial turf fields were not high enough to threaten human
health,"8" and that the health risk from indoor artificial turf
was also below the level of concern with adequate fecility
ventilation 52~% One study found that the PAH emissions from
artificial turf fields could result in an excess lifetime cancer risk
of 1 x 1078 for professional athletes with 30 years of intense
activity (5 h/day, 5 days/week, all year round) from inhalation,
but no risk for discontinuous or amateur users® No elevated
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cracks
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Figure 4. Influence of the major environmental factors on degradation of tire rubber crumb in artificial turf fields.
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risk was found with the exposure o respirable particulates
(PM, and PM,s) at artificial turf fields in both outdoor and
indoor settings, either.2~% Taken together, it appears that the
health risk posed by tire rubber crumb used in both outdoor
and indoor artificial turf fields to professional athletes and
oceasional users through inhalation is insignificant. Health risk
evaluation results indicated that elevated health risk from
inhalation exposure could occur only for workers installing
artificial turf in small and poorly ventilated facilities with a long

exposure history (>5 years).?

i} AREAS OF FURTHER RESEARCH

Although a number of studies have investigated the environ-
mental release of potentially hazardous substances from
artificial turf and its components, and exposure evaluations
failed to demonstrate significant environmental and human
health risks for typical field installations, several questions
pertaining to the environmental impects of artificial turf fields
ower their life cycle and their mitifation remain. Addressing
these issues should help resolve uncertainties that still hamper
the adoption of artificial turf at some sites.

Degradation of Tire Rubber Crumb under Field
Conditions. Characterization of the environmental breakdown
of tire rubber crumb is crucial for understanding the
environmental impacts of artificial turf as this process is
accompanied with release of the hazardous additives in the
rubber matrix and the degradation products of rubber
polymers. Although it is known that the cross-linked polymer
matrix of tire rubber can degrade slowly under natural
conditions,™ factors that influence the aging of rubber crumb
are poorly understood. As illustrated in Figure 4, exposure to
oxygen, ozone, heat, sunlight, and liquids can all cause changes
in the physical and chemical properties of tire rubber crumb,
and correspondingly release of contaminants from the degraded
rubber matrix. A range of additives and stabilizers are used in
tire manufacturing to inhibit undesired/unwanted chemical
reactions within the rubber components and to sustain their
structural integrity and desired properties over an extended
period of time. Oxygen in air permeates into tire rubber and
causes oxidative degradation of the wulcanizates, while the much
more resctive ozone almost exclusively attacks the surface
causing cracks perpendicular to the direction of gpplied stress in
the rubber.” Heat accelerates oxygen diffusion in rubber stock
and thus the oxidative degradation.”® Ultraviolet radiation and
sunlight promote oxidative degradation and destruct the
antidegradants on the rubber surface.”” Water and mud cause
leaching of the soluble components from the rubber surface.
Climate and weather conditions also contribute to tire rubber
degradation as a composite result of the actions of sunlight,
temperature, and water. Owerall, the interactions with all these
environmental factors lead to aging of tire rubber (i.e,, cracking,
splitting, oxidizing, and overall deterioration).”>™

A range of antidegradants are used by tire manufecturers to
inhibit the attacks of oxygen and ozone (and flex cracking as
well): antioxidants to limit oxidative degradation of the
vulcanizates, antiozonants to retard the occurrence or growth
of cracks caused by ozone attack, and flex-crack inhibitors to
limit the initiation or growth of cracks resulting from cyclic
deformation (i.e, flexing) of tires.""" In addition, waxes are
used to provide ozone protection through formation of a
chemically inert surface barrier. Because they can migrate freely
in the rubber stock, waxes are squeezed out onto the surface as
the tire rolls, which also helps bring fresh antiozonants to the

outside surface. As the antidegradants are gradually lost or used
up through the life of tires, aged tires have drastically reduced
resistance to weathering and initiation and propegation of
cracks compared to new ones’® Due to the loss of
antidegradants, rubber crumb produced from scrap tires are
subject to much more significant attacks from oxygen, ozone,
and sunlight compared to virgin rubber. The specific surface
aress of tire rubber crumb are much higher than those of scrap
tires, and most of the surface area is newly created by grinding
or other mechanical processes. As a result, the volatilization of
organic contaminants into air, and the leaching of heavy metals
and organic contaminants into the percolating water from tire
rubber crumb are expected to be significantly increased
compared to the bulky scrap tires. The small particle sizes of
the tire rubber crumb also facilitate the aging process.”®™ ™
With their high surface-to-volume ratios, granules of tire rubber
are subject to significant ozone attack, which occurs
predominantly on the surface.”® Oxidative degradation is also
accelerated due to essier diffusion of oxygen into the rubber
stock.”® Under natural conditions, the protection efiect of
antidegradants left in the tire rubber crumb is also lost more
easily from the granules of smaller sizes.”” Furthermore, the
diurnal cycle of heating and cooling, and the freezing and
thawing, as well as the wetting and drying cycles associated with
weather patterns, along with the abrasion of the granules during
playing time all can enhance the degradation of tire rubber
crumb. The breakup of tire rubber crumb further accelerates
the degradation process, and concomitantly, the release of
hazardous substances into the environment.

Tire rubber is extremely resistant to biodegradation because
of its complex composition and the additives within its
matrix*%° Nonetheless, recent research showed that the
activity of both aerobic and anaerobic microorganisms could
devulcanize tire rubber polymers.”*8! Thicbacillus ferrooxidans
and Nocardia could cause microbial desulfurization of tire
rubber granules®~® and the degradation rate generally
increased with decreasing particle size when the cell attachment
efficiency was not a limiting factor.3*%° Nonetheless, degrada-
tion of tire rubber granules caused by microbial attack is much
less si%nificant compared to the attack by atmospheric
oxygen. % Given the highly variable physical conditions (eg.,
moisture and temperature) in artificial turf fields, biodegrada-
tion of tire rubber crumb is not expected to be important
compared to the abiotic degradation processes discussed above.
Because of the complex actions of oxygen, ozone, sunlight, and
water on rubber degradation, and the significantly variable
conditions of artificial turf fields, it is necessary to study the
degradation of tire rubber crumb under relevant conditions
over their functional lifetimes.

Leaching Dynamics of Hazardous Substances. The
impacts of artificial turf fields on the environment are expected
to be localized but last throughout their functional lifetimes. To
predict the long-term impacts of artificial turf fields and help
designing appropriate environmental safeguards, it is necessary
to understand the environmental release of toxic metals (eg.,
Zn, Pb, and Cd) and organic contaminants (eg., PAHs) on a
fundamental besis. Heavy metals are nondegradable in
comparison with organic contaminants, and hence persist in
the recipient environment. Thus the accumulation of heavy
metals relessed from artificial turf fields over long-term is of
particular concern. The high contents of ZnO, and to a lesser
degree, PbO and CdO, in the tire rubber crumb present a
significant point source of these hazardous substances. A typical
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soccer pitch/field can contain a total of 1.2 tonnes of zinc
(assuming the rubber crumb has an average ZnO content of
1.5%). It has been estimated that under natural conditions 10—
40% of the Zn could be released from the fine tire debris (<100
pm) mixed in soils within one year®” If 10% of the ZnO in the
tire rubber crumb of an artificial turf field were released over its
functional lifetime (10—-20 years), it would contaminate 24 000
m® of water to the secondary drinking water standard (5 mg/
L), or 1 million m® of water to the USEPA's criteria maximum
concentration (CMC, 120 ug/L) for the protection of
freshwater aquatic life. Similarly, the potential leaching of Cd
and Pb, which have much lower MCL and CMC values than
Zn, also poses significant environmental concerns. Because of
its negative environmental effect and high cost, the tire industry
has attempted to reduce the use of ZnO in tires and substitute
it with alternative vulcanization activators, but with limited
success so far®® Therefore, the risk associated with Zn
leaching from tire rubber crumb would remain for artificial turf
fields in the foreseesble future.

Tire rubber also contains significant levels of PAHSs, which
originate from the highly aromatic (HA) oils added as extender
oils and the carbon black added as a reinforcement filler during
production (SI). Due to concerns on the harmful effects of
PAHs on human health and the environment, tire manufac-
turers had begun to substitute HA oils with alternative extender
oils since the 20005 % Extender oils that contain more than 1
mg/kg of benzo[a]pyrene or 10 mg/kg of the EU-8 priority
PAHSs have been banned in tires manufactured in or imPoﬂed
into the European Union (EU) countries since 2010°" As a
result, major tire manufacturers have been implementing the
changes at their plants worldwide. Meanwhile, carbon black is
still used as a reinforcement filler of choice in tire
manufacturing, thus its contribution to PAHSs in tire rubber is
becoming relatively more important.*? Overall, with the phase-
out of HA oils in tire production, the contents of PAHSs in tire
rubber crumb are expected to decline significantly over this
decade.

The risk on human health and the environment posed by
heavy metals and organic contaminants occurring in artificial
turf depends on the rates at which they are released and
transported into the target orgenisms® The hydrophobic
PAHs in tire rubber crumb are not expected to desorb readily.
It has been observed that the PAHs on commercial carbon
black materials were not leached by artificial lung fluid* and
that the PAHSs on carbon black incorporated in cured rubber
formulations were scarcely awvailable to various aqueous
media® Similarly, the rubber stock also has high affinity for
HA oils and PAHSs, and these organic contaminants are not
expected to leach out essily. Therefore, characterizing the
relesse of contaminants and their subsequent fate and transport
under field conditions is critical to assess their actual risk. Many
factors, such as the composition of the infill, and its particle size
and age, the acidity of rainwater, and the ambient temperature
are expected to affect the leaching rates of heavy metals and
organic contaminants from tire rubber crumb, while the
subsequent transport behaviors of the contaminants relessed
are affected by their interactions with the underlying rock
materials and pH of the drainage.**° The long-term evolution
of the contaminant release rates is difficult to predict: they can
decrease over time due to the depletion of contaminants on the
surface of the rubber granules, while the accelerated weathering
of rubber granules exposed to sunlight, oxygen, ozone, and
water/moisture can result in formation of cracks and possibly
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breskup of the rubber particles, which are expected to enhance
their relesse.

Large-scale monitoring campaigns based on systematic
random sampling of all artificial turf field sites can be cost-
and resource-prohibitive. Thus carefully coordinated laboratory
and field investigations are invaluable for characterizing the
relesse of heavy metals and organic contaminants from artificial
turf under relevant environmental conditions, as well as their
transport behaviors along with the field drainage. It is
particularly worthwhile to study the contaminant releasse
under conditions representative of “worst case” scenarios
(eg., high temperatures and frequent rainfalls) to estimate
the upper bound of impects.

Management of Storm Drainage from Acrtificial Turf
Fields. To mitigate the relesse of potentially hazardous
substances from artificial turf fields into the aquatic environ-
ment, optimized treatment systems and management strategies
are needed to remove the contaminants before the drainage is
discharged into the receiving body. The gravel layers beneath
the artificial turf serve as a reservoir for the rainwater fallen on
the fields. The crushed rock used as a base material in the
construction of artificial turf field (Figure 1b) has a
neutralization effect on precipitation (eg., acidic rainwater),*
and can efectively retain Zn through sorption/coprecipita-
tion® Its presence in artificial turf fields help immobilize some
of the heawy metals released from the tire rubber crumb,
although the drainage of artificial turf fields still contained heavy
metals at apprecisble levels % Given the relatively large
aress of artificial turf fields, significant quantity of drainage can
be collected for beneficial uses after proper treatment, such as
field cleaning and irrigation of adjacent grass lawns.

Even though many of the contaminants that can be present
in the drainage from artificial turf fields do not have relevant
regulatory standards, it is prudent to treat the drainege to
prevent potential synergistic impacts of the contaminants at low
concentrations. The drainage is produced only intermittently
and often has complex chemical composition with significant
variations in the concentrations of the contaminants, thus
conventional biological, physical, and chemical processes
developed for removing organic contaminants and heavy
metals from industrial and municipal wastewaters may not be
efective. Besides the technical capability, the treatment process
should also meet the criteria of being robust, low-cost, and essy
to maintain. The hydrophobic organic contaminants (such &
PAHS) can be adsorbed from aqueous solutions onto activated
carbon, while heavy metals can be removed by mineral sorbents
through sorption and coprecipitation. Therefore, mixed
sorbents (eg., activated carbon and mineral sorbents) packed
in the configuration of a filtration bed or a permeable reactive
barrier can be employed to remove the contaminants leached
from tire rubber crumb. Such treatment system can be installed
conveniently under the artificial turf fields to help mitigate the
potential impact of field drainage on aquatic environment.

Disposal and Recycling of Artificial Turf Components.
Typical artificial turf fields have functional lifetimes of 10—-20
years. Rubber crumb and other components of artificial turf
degrade upon exposure to sunlight, air, and water, and
eventually must be disposed of. Landfilling is the default
disposal option for scrap tires that are not recycled or reused.
Howewer, tires in any shape or form have been banned from
landfills in the EU countries since 2006,% while landfilling of
cut or shredded tires is currently allowed in only 36 states of
the US* Given the large mess of tire rubber crumb used in

dx.doi.org/10.1021/es4044193 | Environ. Sci. Technol. 2014, 48, 2114-2129



ED_001166_00005193

Environmental Science & Technology

Aligednp Joj
picosl Soel} ou sey pue ‘XL 8y} 0} meu

AJlligeinp Jo}
piooel xoel} ousey ple ‘Bew sy} 0} meu

uonoid
aq 0} Uewsl solewuiolsd pue Alljigeinp
ay} A ‘ssljunco uesdolne Ul pesh Ussq s2y

usnold
aq 0} Ukl souewliolad pue Ajljigeinp ay}

skak Auall Jono soleuiopad
Joj usnoid pue peke} piel) Useq sy

skak Auew Jeno solewioled
Jo} Usnold pue peksl piel) Useq sey

Hny
Ebli1E Uoleusl pucoes sy} Ul pesh App

. ewuwiojdpey

L N

poboel df Ueo

spnpo.d Joylo ojul pephel aq Ueo

siqepfosl

slgephoe!

sliljpLe|
ul Jo pesodsip Jo pep/fosl Allusnbesqns pue

‘Pues WoJ) pekledss a0 Ued qQUUND Jeqan a1}

sillipUe| Ul Jo pesodsip 10 polokosl adf Ueo

“UololEal
a1l YIw Jo pesodsip 10 peitel aq Led

1
-Ul pues Uey}
aAkUadxe alow

ansuad
eul ApAER!

aAkUadxe AloA

ansuadxe AbA

1ut
AJuo Jsqqn
ey} sso| sks00

pues
B0l Uey}
ankUadke alow

anBUadxe Fesl

. eEmy

‘BUI} SN0 UMOP X¥aiq fewu Bulpoo
‘elopw ollfoe
9} 0} peppe aq 0} peeuU el Bl Blos e

‘aul} JBAO INooo Led Uoleduwioo
Spesul Aq pepejul aq few
‘umop eslq few

‘uolep

-edfep Weneid 0] Juslusl) jelgqolorulue salinbe.

Jopm Bulpeiuco ay) ojul yoss|

Ueo Bulinfoejnuell Jagdnd syl Ul pesn skollusto

“ABAlEle. Uohepeifep oBspun pue

skezl|igels Plonel}in Uruco Jou opspnpoid slucs

‘solekkal Usno pue

ANlqixsl} ybnous epinoid Jou op spnpo.d awics

BWIl} Ao Uspley
fewu ‘suolelen Bulnioejnuelt apw 03 Jeldns

“Alotpolied

Peles00] eq O} spseUl ||JUl pexiu 8y} ple Inoo
ueo saplved pues pue Joqand ay} Jo uolebelbes

“oem oWl

sjueuiLEIUCO D1LEBIO pue SEBW ANBay Yosa)| fAewu

‘1 3y) ojul sjueuLLEUcO
ollefiio a]leloALLEs pUe BlIEIoA sssopl fewu
0y

AloA BB U0 pUe Uns Y] Wol) sy suepl ‘Ubs
pue ssylop oo 3piks Allsse seplied Jeagn [pws

"BNp 9)bush Ued Inooo Ued uolpeduico
‘spnpoud |Iyul Jsylo sy Ley} slo siybiem
‘BAkeIge pue preY AkAa sl sceuns Bulkeld ayl

“lIyul Jeqani 0} peledwioo uns

8} 0} pesodxe s uoldicste ey s
‘pues Jo

senss! BNP pue LoIeduwico syl seeulllp
SoAllIppe snopezey UeIUco Jou ssop

sfel plorel)in pue om kel

‘llyul began 0} peleduwico Uns

8y} 0] pesodxe Usym uolidiosae sy ssa|
‘Aipusly

AluBLUUOlIAUG AN} pUe DIXOJUOU

jic0 plesieqy Jueid pineu Wolj pealep

‘14Ul Jsggnd 01 paledloo Uns

81 0 pesodxe Ustm uohdioste ey sso)
'slojoo Jo ApleA e Ul sge|ene

“qani ain ey Ajpus iy
AlpluswuolIAUG 30Ul pue aice.np
‘SoAllippe shoplezel Ueluco

Jou sa0p U} Eelelw UBIA LWoJ) ape

‘14Ul Jsggnd 0} paledwlco Uns

8y} 01 pasodxe Usym uolidiosce sy sso|
‘SoAlppe shoplezey Ukeiuco

Jou op eyl selbewW UIBIA WoJj apa

‘Aligefeld pue Apges

pel} ewindo ainsue sdipy |[jul pexiu
“yur Auo sqgni

uey) soepins Buleid Jewly e sepiold

‘|ull} Ao

JUssUCD fAeks 01 ateins ayl Buwole
‘uoljisodulico abueyp 1o uspley Jou ssop
seu

©RWU poplos) bunsucokod wolj apeul
‘souauioplad pue ANljigeinp uoaoid
fousl|sal pue

‘Auiofiun “Ajllicels We|koxe sepirold

“uns 8y} wolj By

8y} Buigiosae wiol Joy Asoa 6 Jou ssop
slceanp

S)Hd pAeIB WOJ) peuLU lBULL Binku B

pues peleco bdan

IIyur olueBio

Jqand NAd43

skBuWol
sep oliseldouLby}

alnxw

quino Jegand
8.1} pue pues eollls

quinb Jeqant a1}

pues eollls

Hn ] ebyiny Joj el 1Iyu] JosedA L Jole|\l 8y} Jo suolieHIT pue safiejueApy sy} Jo Uostiedwod ¢ sidel

dx.doi.org/10.1021/es4044193 | Environ. Sci. Technol. 2014, 48, 2114-2129

2125



Environmental Science & Technology

ED_001166_00005193

artificial turf fields, effective treatment or recycling schemes
must be developed to minimize the environmental impacts
upon disposal. A potential solution is to use the spent tire
rubber crumb as tire-derived fuel to supplement traditional
fuels (SI), although attention should be paid to control the
potential emissions of heavy metals contained in the rubber and
toxic organic contaminants, such as PAHS, and dioxins and
furans gdue to the presence of chlorine in tires) during
burning.”’ The plastic fibers and carpet backing of artificial turf
used to be landfilled at the end of the field’s functional lifetime.
A few companies have started to offer the alternative of full field
recycling for artificial turf since 2010. After thorough separation
of the infill materials, the plastics are shredded, repalletized, and
converted into useable materials for new artificial turf
applications or other extruded plastic products.

Development of Alternative Infill Materials. The
human health and environmental risk of artificial turf can be
eliminated or reduced by substituting the tire rubber crumb
with alternative infill materials containing less hazardous
substances. Several alternative infill materials have been
developed by artificial turf and rubber manufacturers.®*®
Table 3 summarizes the advantages and limitations of the six
major types of infill materials available on the market. Even
though the alternative infill materials contain much less
hezardous substances than tire rubber crumb, they are often
considerably more expensive. Besides the criterion of
containing minimum hazardous substances, the safety,
durability, and cost of the infill materials are also important
considerations. Sand and tire rubber crumb have been field
tested and proven for several decades, while the performance
and environmental friendliness of the newly emerged infill
materials, including thermoplastic elastomers, ethylene propy-
lene diene monomer (EPDM ) rubber, organic infill, and rubber
coated sand remain to be field proven.6 Furthermore, some of
the alternative infill materials also release organic contaminants
and have environmental impacts similar to those of tire rubber
crumb.”?™% |t may take years to develop environmentally
friendly alternative infill materials that can match the durability
and performance of tire rubber crumb. It should be noted that
raw materials and energy are required for the production of
most of these altematives, in addition to the lost benefits of
reusing scrap tires. Thus the life cycle environmental impects
should also be considered when developing substitutes for tire
rubber crumb in artificial turf.

Ml PERSPECTIVE ON THE TURF WAR

Recycling and reuse of tire rubber in artificial turf contribute to
sustainable development by reducing the dependence on new
materials, waste generation, and energy consumption. The
limited number of studies conducted to date appear to indicate
that the concentrations of hazardous substances in the drainage
from artificial turf fields and in the air above them are relatively
low and of no significant concern. Nonetheless, the release of
organic contaminants and heavy metals into the air, water, and
soil in the surrounding environment occurs continuously, and
their cumulative masses can be significant over the fields’
functional lifetimes. There remains a significant knowledge gap
that must be urgently addressed with the fast expansion of the
artificial turf market. Given the wide range of designs, ages, and
conditions of artificial turf fields, it is likely that the
contaminant relesse and the environmental impacts are variable
from site to site. It is also important to assess more
systematically the risk posed by the tire rubber crumb on the
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environment and human health. The contents of some
hazardous substances, such PAHS, in tire rubber are expected
to decrease over time as the industry becomes more
environmentally conscious, which is going to reduce the
associated risk in artificial turf. Meanwhile, the development of
alternative infill materials for replacing the tire rubber crumb,
which may significantly incresse the cost of artificial turf, will
help eliminate some of the major environmental concerns.
Overall, manufacturers are expected to produce more environ-
mentally friendly artificial turf as the general public become
incressingly concerned with its negative environmental impacts.

It is worth pointing out that the turf grass industry hes also
been making significant progress in developing new types of
grass to meet the water challenges and the incressing
environmental concerns associated with fertilizer and pesticide
gpplications. Improved turf grasses can be extremely drought-
tolerant, tough, and fast-growing, while having lower require-
ment for fertilizers and maintenance. Organic fertilizers that can
eliminate most of the environmental issues associated with
chemical fertilizers are also available. These advances have
greatly reduced the necessity of artificial turf in warm climates.
On the other hand, artificial turf appears to be the most viable
playing surface currently available in indoor sports facilities, in
the cold climates where the prime growing season of turf grass
is rather short, and in the dry climates and other zones with
scarce water resources.

Natural grass and artificial turf each have their advantages
and limitations (Table 1). Despite the existence of methods for
estimating their life cycle costs and environmental impects, a
generally applicable methodology to compare objectively and
quantitatively the benefits and impects of natural grass and
artificial turf is difficult because some of these attributes are
unrelated (belong to different categories) and site specific, and
depend on how users value them.
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1. Disposal of Scrap Tires

Tires are generally considered relatively benign in the environment unless subjected to high
temperatures. Nonetheless, disposal of scrap tires , which are composed primarily of chemically cross-
linked rubber, is a major problem for waste managem  ent because they are highly durable and are
generated in large quantities each year. ! Most landfills do not accept scrap tires because  they tend to
float to the surface after being buried, which can  break the landfill caps. > Abandoned or stockpiled
scrap tires not only occupy large areas of land, bu t also serve as potential breeding grounds for rode nts
and mosquitoes.” As they can trap heat, stockpiled scrap tires als o present a fire hazard. * Tire fires
release soot and hundreds of toxic contaminants, and are very difficult to put out.* Obviously finding a
market for these slow-to-decompose materials is des  irable, and many innovative uses have been
developed. A total of 291.8 million scrap tires (w ith an average weight of 33.4 1bs) were generated i n
the U.S. in 2009, with 83.1% of them being managed or utilized.” Figure S1 shows the trend of scrap
tire management in the U.S. between 2005 and 2009. The high cost of energy and the growing demands
for tire rubber crumb in sports field and playgroun d surfacing have led to increased utilization of sc rap
tires in recent years. Most of the scrap tires wer e recycled or found beneficial uses, primarily int  he
forms of tire derived fuel, ground rubber, and civi | engineering applications, while only a small frac tion
of them were land disposed. > Of the more than 0.71 million tonnes of ground ru  bber consumed in the
U.S. in 2009, most was used in the molded/extruded products (31.8%), sports surfacing (25.4%),
playgrounds/mulch/animal bedding (20.3%), and rubbe r-modified asphalt (11.1%).” It should be noted
that a truly environmentally friendly method for sc  rap tire disposal remains to be found, despite the

availability of plenty of scrap tire recycling and reuse options.

2. Composition of Tire Rubber and Production of Tire Rubber Crumb
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Automotive tires are made of layers of steel and fa bric reinforcing materials surrounded by a
protective casing of rubber mixed with various addi tives (Table S3). Besides the dominant steel-belte d
radial ply type, tires can also be polyester-, Nylo n-, Rayon-, fiberglass-, and Kevlar-belted, while m ost
tires today use both steel and polymer belts. Inor ganic materials are used for various purposes in ti  re
production. ZnO, Fe203, Al;O3, and TiO are the major metal oxides in the ash of both pass enger and
truck tires, while low levels of PbO, Cr,03, BaO, and CdO are also found (Table S4). In particular, ZnO
is used as a vulcanizing agent in tire production i n large quantities: the representative weighted ave rage
contents are 2% (range: 0.4-2.9%) and 2.1% (range: 1.2-4.3%) in the treads of passenger and truck tires,
respectively.® Silica and carbon black are common reinforcement fillers and are often present at

substantial levels in tire rubber (Table S3).

Tire rubber crumb is composed of wire-free fine rubber particles made by size reduction of scrap tires.
Two major categories of techniques are used to obta in rubber crumb with a wide range of particle sizes
(down to 600 microns or less).” The most commonly used process is mechanical grinding, which breaks
down the rubber into small particles with cracker m ill or granulator. The shape and surface texture o
the rubber particles produced this way are relative  ly round and smooth. Cryogenic method, which
consists of freezing the shredded rubber at an extr emely low temperature (far below the glass transiti on
temperature of the compound, usually with liquid ni trogen) and then shattering it into small particles
produces rubber with fine mesh sizes.” Steel wires and fabric components are subsequentl y removed by
magnetic separator, air classifier, or other separa  tion equipment. As a result, tire rubber crumb is

expected to retain most of the chemical additives contained in the rubber stock.

3. ZnO and PAHs in Tire Rubber

As an excellent activator for sulfur vulcanization, ZnO is used widely in the rubber industry and is

found in essentially all rubber products. ZnO in tire rubber also enhances tire performance by improving
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its ability to absorb frictional heat. ZnO is typically used in rubber formulations at the levels of 2-10 per
hundred rubber (i.e., parts of the non-rubber ingre dients per 100 parts of rubber hydrocarbons in the
rubber recipe).g The global consumption of ZnO exceeds 1.2 million tonnes annually, with the rubber
industry accounting for over half of the total demand.” According to the typical compound formulation,
it is common for tire rubber to contain 1-2% (weigh  t) of ZnO. ZnO also has appreciable levels of
impurities, depending on the raw material and the d egree of purification. Even with the French Process,
which achieves significant purification based on th e vapor pressure differences of metals, Cd and Pb
cannot be effectively removed.” ZnO of 99.5 and 99% purities produced in China, w hich is by far the
dominant supplier, contains up to 0.12 and 0.2% of PbO, and 0.02 and 0.05% CdO, respectively.'® ZnO

products of lower grades are expected to contain even higher levels of these impurities.

Highly aromatic (HA) oils, also known as distillate aromatic extract oils, are products of oil refinin g
that consist of aromatic and polycyclic aromatic hy drocarbons, and naphthenic and paraffinic
hydrocarbons. HA oils are added as extender oils o r softeners in the manufacturing process to reduce
the cost of tire production by substituting for par ts of the more expensive rubber material, make the
rubber polymers easier to work, and improve the wet  grip, wear resistance, and durability of the tire
treads. HA oils typically constitute 10-20% of the stock formula of tires, with truck tires, which op erate

under more demanding physical conditions, containin g lower amounts compared to passenger tires. '

12

As the fraction of polycyclic aromatic hydrocarbons (PAHs) in HA oils can amount to 10-30%, the

contents of PAHs in tire rubber can be significant.

Carbon black, which is industrially manufactured by  partial combustion or oxidative pyrolysis of
hydrocarbons at high temperatures under controlled conditions, has been used as a reinforcement filler
of choice in tire manufacturing for many years. Th e production of carbon black involves both the
formation and destruction of PAHs. It has been obs erved that up to 98% of the total PAHs contained in

the feedstock were destructed in the carbon black m anufacturing process, while the PAHs contained in
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the final products resulted primarily from the pyro lytic process.” Processing conditions significantly
affected the PAH concentrations in carbon black: hi gher temperatures resulted in products with lower
total PAH contents, but the carcinogenic potency of the PAHs formed was higher. " Laboratory
analyses indicated that the PAH contents were typically less than 0.1% in most carbon black grades of a
major supplier.'* Carbon black and silica typically account for up to 28% of the tire weight, thus carbon

black is also an important source of PAHs in tire rubber.

4. Assumptions of the Life Cycle Assessment (LCA) Studies

The following assumptions were made in the LCA stud y comparing the greenhouse gas (GHG)
emissions of artificial turf and natural grass:'

1. Life cycle time frame: 10 years;
ii. Emission factors: the Canadian GHG emissions fa ~ ctors were used whenever relevant and
possible, while the emission factors for the compon ents made in the U.S. and Europe were
estimated from the corresponding databases;
iii. Field emissions and sequestration of CO , by natural grass: the carbon sequestration factor  of
natural grass was 0.95 tonne Carbon/ha/year, while the GHG emission factor for the maintenance
of the artificial turf field was 30% of that of the natural grass field;
1v. Material transportation: the GHG emission facto rs for on-road transportation were based on
Canadian data and related databases;
v. Disposal: the artificial turf field’s components would be 100% recycled, and Canadian data were

used for estimating the GHG emission factor for plastic recycling.

The following assumptions were made in the LCA stud  y comparing the environmental impacts of
three representative artificial turf products with those of natural grass on a multi-purpose recreatio nal

sports field:'®
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1. Life cycle time frame: 20 years;

ii. Material transportation: The distances of mater ial transportation to the field were 250 km during
installation, and 100 km during the use, maintenanc ¢, and disposal of the fields. The materials
were transported by trucks with a diesel fuel efficiency of 2.7 MJ/tonne/km;

iii. Field durability: based on the manufacturers’ data, the functional lifetimes of the artificial tu rf
fields with Nylon, polyethylene, and 70% polyethyle ne/30% Nylon fibers were 10, 8, and 9 years,
respectively. No turf replacement was required over the lifetime of the natural grass field;

iv. Field emissions and sequestration of CO 2 by natural grass: each 1,000 ft ? of natural grass
sequesters 0.032 tonne of CO,. per year, while this benefit was also offset by emissions to air (N2O,
1.5% of application) and water (N, 10% of applicati on) associated with the use of nitrogen-based

fertilizers.
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3. Tables

Table S1 . Summary of the conditions and major findings of s

rubber and tire chips.

elected toxicity characteristic leaching procedure (TCLP) studies on ground tire

Zelibor (1991)"7

Downs et al. (1996)"°

Al-Tabbaa and Aravinthan (1998)"” Khan et al. (2011)

Solids
tested

Extraction
fluids

Ground and unground, cured
and uncured tire samples that
had been chopped into portions
of 1 cm or less.

0.1 mol/L acetate buffer at a pH
of4.9

Liquid/solid  20:1

ratio

Duration The mixture was mixed by

Major
findings

rotary agitation at 30 2 rpm for
18 h.

Most contaminants were
detected at trace levels (near
method detection limits), which
were 10 to 100 times less than
the TCLP regulatory limits or
maximum contaminant level
(MCL) values for drinking
water of the U.S. Environmental
Protection Agency.

Glass belted tire chips, mixed
glass and steel belted tire chips.
Their sizes were reduced to pass
the 9.5-mm (0.375-in.) sieve.
Samples of 100 g of tire particles
were subjected to the leaching
test.

0.1 mol/L acetate buffer at pH
4.9

20:1

The mixture was rotated on a
tumbler at 30 2 rpm for 18 2 h.

Although Ba, Cd, Cr, and Pb
were detected in the leachate,
their concentrations were well
below the TCLP regulatory
limits. None of the organic
compounds leached exceeded
the TCLP regulatory limits.

Tire rubber particles of 2 size

groups (1-4 and 4-8 mm). Samples

of 100 g of tire particles were
subjected to the leaching test.

0.1 mol/L acetate buffer at
pH=4.9 0.2

20:1

The mixture was agitated at 30 rpm

for17h

The concentrations of Cu ranged

from 0.21 to 0.24 mg/L, while those
of Ni were 0.56-0.59 mg/L. Other
contaminants were not measured.

Tire chips with 4 particle
size groups (1"x1",
2"x2" 4"x2" and
6"x2"). Samples of 100
g of'tire chips were
subjected to the leaching
test.

0.1 mol/L acetate buffer
at pH =4.93+0.05

20:1

The mixture was
agitated at 30 rpm for 18
h

Concentrations of heavy
metals in the tire
leachates were 100 to
1000 times lower than
the TCLP regulatory
limits.
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Table S2. List of potential organic contaminants that can be leached from tire rubber and their sources

(adapted from ref. 21).

Contaminant Major sources in tire rubber

Volatile organic compounds

1,1,1-Trichloroethane Solvent
Alcohols Recipe extender
Aldehydes Dispersing agent
Alkyl benzenes Copolymer
Benzene Solvent

Carbon disulfide Solvent

Heptane Recipe extender
Hexane Recipe extender
Ketones Recipe extender
Methyl ethyl ketone Solvent
Petroleum naptha Recipe extender
Styrene Polymer/monomer
Toluene Recipe extender
White gasoline Recipe extender
Xylenes Recipe extender

Semi-volatiles and other organic compounds

1,12-Benzoperylene Highly aromatic oils, carbon black
1,2-Benzanthracene Highly aromatic oils, carbon black
1,2-Benzopyrene Highly aromatic oils, carbon black
2-(4-morpholiny1)-benzthiazole Antioxidant

3,4-Benzopyrene Highly aromatic oils, carbon black
4H-cyclopenta[def]-phenanthrene Highly aromatic oils, carbon black
4H-cyclopenta[def]phenanthre-4-one Highly aromatic oils, carbon black
6-Acetoxy-2,2-dimethyl-m-dioxane Inside/outside tire spray, carbon black
6H-benzo[cd]pyren-6-one Highly aromatic oils, carbon black
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9,10-Dimethyl-1,2-Benzanthracene
Acenaphthylene

Alkyl napthalenes

Alkylene dithiols

Anathrene

Anthanthrene

Anthracene
Benzofluoranthene

Benzoyl and other peroxides
Benzo[a]pyrene
Benzo[def]dibenzothiophene
Benzo[def]napthobenzothiophene
Benzo[e]pyrene
Benzo[ghi]fluoranthene
Benzo[ghi]perylene
Benzo[g]dibenzothiophene
Benzo[i]fluoranthene
Benzo[k]fluoranthene
Benzo[mno]fluoranthene
Benzothiazole
Benz[a]anthracene
Benz[elacenaphthylene
Bisthiol acids

Butadiene oligomers
Cadmium and zinc soaps
Chrysene

Coronene
Cyclopenta[cd]pyrene

Diazoaminobenzenes

S9

ED_001166_00005194

Highly aromatic oils, carbon black
Highly aromatic oils, carbon black
Vulcanizing agent

Carbon black

Highly aromatic oils, carbon black
Highly aromatic oils, carbon black
Highly aromatic oils, Carbon black
Highly aromatic oils, carbon black
Vulcanizing agent

Highly aromatic oils, carbon black
Highly aromatic oils, carbon black
Highly aromatic oils, carbon black
Highly aromatic oils, carbon black
Highly aromatic oils, carbon black
Highly aromatic oils, carbon black
Highly aromatic oils, carbon black
Highly aromatic oils, carbon black
Highly aromatic oils, carbon black
Highly aromatic oils, carbon black
Vulcanization accelerator

Highly aromatic oils, carbon black
Highly aromatic oils, carbon black
Vulcanizing agent
Polymer/monomer

Lubricant

Highly aromatic oils, carbon black
Highly aromatic oils, carbon black
Highly aromatic oils, carbon black

Vulcanizing agent



Dibenzothiophene
Dihydrocyclopentapyrene
Dithiocarbamates

Esters

Fluoranthene
Indeno[1,2,3-cd]pyrene
Napthalene

Naphthalic Anhydride
Nitrogen containing substances
o-Phenylenepyrene

Organic thiola and sulfides
Perylene

Phenalone

Phenanthrene

Phenol

Poly- and di-nitrobenzenes
Pyrene

Quinones

Siloxanes

Styrene oligomers
Substituted p-Phenylenediamines
Sulfur containing organics
Tetraalkylthiuram disulfides
Thiazoles

Thiuram sulfides

ED_001166_00005194

Highly aromatic oils, carbon black
Highly aromatic oils, carbon black
Vulcanization accelerator

Solvent

Highly aromatic oils, carbon black
Highly aromatic oils, carbon black
Highly aromatic oils, carbon black
Highly aromatic oils, carbon black
Copolymer

Highly aromatic oils, carbon black
Carbon black

Highly aromatic oils, carbon black
Highly aromatic oils, carbon black
Highly aromatic oils, carbon black
Softener

Vulcanizing agent

Highly aromatic oils, carbon black
Vulcanizing agent

Inside/outside tire spray
Polymer/monomer
Antioxidant/antiozonant

Carbon black

Vulcanizing agent

Vulcanization accelerator

Vulcanization accelerator
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Table S3. Typical material composition of passenger and truck tires by weight (adapted from ref. 20).

Component Function Content (%)

Passenger tire Truck tire

Rubber/elastomers

: maj OI' component

Reinfotéerﬁehf ﬁllers 28 28 k

Carbon black Strengthens the rubber and increases
abrasion resistance

Silica As an additive in the tread compounds
to increase the grip of tires in water and
to minimize rolling resistance

Mol

- ;Remforces the area under the tread; .
provides puncture resistance, and helps
the tire stay flat to make geod contact

; gw1th theroad @

~ Steel wire

Textiles, additives,and 1617 1617
others
Woven fabric: Provides the shape, houses the inner

polyester, nylon, etc. tube, and serves as the surface on
which the rubber tread is vulcanized

Sulfur and sulfur As vulcanization agents to improve the
compounds strength and durability of tires
Phenolic resins Adhesion promoting resins promote

bonding of rubber to textile or steel
belts; tackifier resins facilitate
assembly of the uncured tires;
reinforcing resins improve the hardness
and modulus of natural rubber and
synthetic rubber

Extender oils: Soften the rubber and increase its
aromatic, workability

naphthenic,

paraffinic

Petroleum waxes As anti-ozonants to minimize cracki ng

in tires by protecting the polymeric
back bone of the rubber against ozone
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attack

Calcium oxide Improves the strength and durability of
the rubber

Zinc oxide Accelerates the vulcanization process
and enhances the physical properties of
the rubber

Titanium (IV) oxide Accelerates the vulcanization p  rocess

Copper (II) oxide As a bonding agent to help adhesi on of
the rubber to the steel belts

Fatty acids Aid the vulcanization process and
enhance the physical properties of
rubber
Average weig  New:251bs; New: 120 Ibs;

 scrap: 20 Ibs.  scrap: 100 lbs.
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Table S4. Typical chemical composition of tire rubber ash by weight (%).

ED_001166_00005194

Component Typical passenger tire" Typical truck tire  * Unspecified tire

Metal oxides
ZnO 293 34.6 251
ALO; 17.11 3.65 8.7
Ti0, 10.14 0.13 1
Fe O3 15.04 19.16 93
CaO 2.52 245 12.9
MgO 0.63 0.76 6.4
Na,O 091 0.61 14
K,O 1 09 1.1
Cr,03 0.03 0.029 N/A
PbO 0.03 0.062 N/A
BaO 0.02 0.012 N/A
Cdo N/D 0.001 N/A

Others
SiO, 22.96 23.83 26.5
P,0s 0.64 0.75 N/A
SO; 42 5.94 1.6
Chlorine ND ND 0.1
Fluorine ND 0.002 N/A

Notes:

N/D — not detected;

N/A — not available (data not reported);

a— data from ref. 20;

b — data from ref. 22.
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